Abstract Metabolic myopathies comprise a clinically and etiologically diverse group of disorders caused by defects in cellular energy metabolism, including the breakdown of carbohydrates and fatty acids to generate adenosine triphosphate, predominantly through mitochondrial oxidative phosphorylation. Accordingly, the three main categories of metabolic myopathies are glycogen storage diseases, fatty acid oxidation defects, and mitochondrial disorders due to respiratory chain impairment. The wide clinical spectrum of metabolic myopathies ranges from severe infantile-onset multisystemic diseases to adult-onset isolated myopathies with exertional cramps. Diagnosing these diverse disorders often is challenging because clinical features such as recurrent myoglobinuria and exercise intolerance are common to all three types of metabolic myopathy. Nevertheless, distinct clinical manifestations are important to recognize as they can guide diagnostic testing and lead to the correct diagnosis. This article briefly reviews general clinical aspects of metabolic myopathies and highlights approaches to diagnosing the relatively more frequent subtypes (Fig. 1) .
Introduction
The main sources of adenosine triphosphate (ATP) in cells are glycogen, glucose, and free fatty acids. Glycogen is metabolized in the cytoplasm to pyruvate, which enters mitochondria (Fig. 2) . Short-and medium-chain fatty acids cross freely into the mitochondria, whereas long-chain fatty acids require binding to carnitine for transport across the mitochondrial membrane, a process mediated by acylcarnitine translocase and carnitine palmitoyl transferases (CPTs) I and II (Fig. 2) . Once in the mitochondria, all these substrates are turned into acetyl coenzyme A (CoA), which feeds into the Krebs cycle. In this critical cycle, reducing equivalents (electrons) combined with protons are bound to intermediate molecules, NADH and FADH 2 , which deliver the electrons to the mitochondrial respiratory chain to produce ATP and H 2 O.
Defects in any of these pathways-glycogen catabolism (glycogenolysis and glycolysis), fatty acid oxidation, Krebs cycle, or mitochondrial respiratory chain and oxidative phosphorylation-may cause human disorders that often predominantly affect muscle because of its high energy requirements, particularly during exercise. Because most of the enzyme defects are partial, many of these diseases manifest in adulthood with isolated muscle symptoms and similar clinical features [1, 2•] . Nevertheless, there are salient clinical features that can guide clinicians to the exact diagnosis with the aid of complementary diagnostic tests.
From a clinical point of view, metabolic myopathies can be categorized into two different groups: 1) those that show symptoms and signs related to exercise (exercise intolerance, cramps, myalgias, myoglobinuria) with normal interictal examination and 2) those with fixed symptoms, such as muscle weakness, often associated with systemic involvement (eg, endocrinopathies or encephalopathies). When evaluating a patient with exercise-related symptoms, we should ask two questions: 1) What type of exercise provokes symptoms? 2) Are there associated triggering factors? If short bursts of high-intensity exercise trigger muscle cramps or pigmenturia, the patient may have a defect of glycogen metabolism [3] . Examples of this type of activity include weight lifting and sprinting. In the United States and other countries where baseball is popular, the "home run" (Haller) sign-that is, the inability to sprint around the bases because of exercise-induced muscle spasms-is a typical complaint in young patients with glycogenoses, such as McArdle disease (Dr. Ronald Haller, personal communication). In contrast, if the patient reports that prolonged exercise (eg, hiking or playing soccer) triggers myalgias, fatigue, and pigmenturia without acute contractures, he or she likely has a defect of fatty acid oxidation. The symptoms often occur when the patient is fasting. A prototypical example is a young adult with CPT II deficiency who enlists in military service and has difficulty completing long marches because of fatigue and myalgias followed by pigmenturia. Some patients with glycolytic or lipid disorders may develop progressive myopathy and persistent weakness. Patients with mitochondrial diseases may show a wide range of manifestations that are exercise induced, fixed, or both, but exercise intolerance is particularly common and manifests as the inability to perform activities because of premature fatigue out of proportion to weakness. This article briefly goes through general clinical aspects of these metabolic myopathies, emphasizing the more common forms (Table 1) , and provides an algorithm for diagnosing these diverse conditions (Fig. 1) .
Disorders of Glycogen Metabolism (Glycogenoses)
Abundant glucose is stored in liver and skeletal muscle in the form of a polysaccharide called glycogen. The glycogenoses Fig. 1 Clinical algorithm for patients with exercise intolerance in whom a metabolic myopathy is suspected. CK-creatine kinase; COXcytochrome c oxidase; CPT-carnitine palmitoyl transferase; cyt bcytochrome b; mtDNA-mitochondrial DNA; nDNA-nuclear DNA; PFK-phosphofructokinase; PGAM-phosphoglycerate mutase; PGK-phosphoglycerate kinase; PPL-myophosphorylase; RRFragged red fibers; TFP-trifunctional protein deficiency; VLCAD-very long-chain acyl-coenzyme A dehydrogenase include disorders characterized by genetic mutations in glycogen synthesis (glycogenogenesis), glycogen degradation (glycogenolysis), or glucose degradation (glycolysis). Clinical presentations of muscle glycogenoses are protean, ranging from profound multisystem disease in infancy [4] to exercise intolerance or isolated progressive muscle weakness in adulthood [5, 6] . To date, 14 glycogenoses have been identified (Fig. 3) [7] ; most are autosomal recessive except for phosphoglycerate kinase (PGK) and phosphorylase b kinase deficiency, which are X-linked.
Myophosphorylase deficiency (McArdle disease, glycogenosis type V) is a prototypical glycolytic disorder with episodic muscle dysfunction and myoglobinuria. It is the most common disorder of skeletal muscle carbohydrate metabolism and one of the most frequent genetic myopathies [8] . Patients with McArdle disease typically exhibit intolerance to static or isometric muscle contractions and also to dynamic exercise that can trigger episodes of reversible "muscle crises." Acute crises manifest mainly in the form of premature fatigue and contractures, frequently accompanied by muscle breakdown (rhabdomyolysis) with elevated serum creatine kinase and sometimes by myoglobinuria. Another important sign considered pathognomonic is the "second wind," which is a marked improvement in exercise tolerance about 10 minutes into aerobic exercise involving large muscle masses (jogging or cycling) [9] .
The second wind, as manifested by a marked decrease in early exertional tachycardia (eg, a decrease from ∼140-150 bpm to ∼120 bpm) starting after around 7 minutes of exercise, does not occur in patients with other disorders associated with exercise intolerance, such as glycogenoses types VII (phosphofructokinase [PFK] deficiency, Tarui disease), VIII (phosphorylase b kinase deficiency), and X (phosphoglycerate mutase deficiency); mitochondrial myopathies; and disorders of lipid metabolism (deficiencies of CPT II) or very long-chain acyl-CoA dehydrogenase (VLCAD) [10] [11] [12] [13] .
When a glycogenosis is suspected, other clinical features, in addition to the second wind, may offer diagnostic clues. Glucose or sucrose intake before exercise exacerbates muscle symptoms (out-of-wind phenomenon) in PFK deficiency [14] , in which the metabolic block occurs below the entry of glucose into glycolysis, whereas in McArdle disease, sugar intake ameliorates symptoms because the metabolic block is upstream of glucose catabolism [15] . In other cases, such as phosphoglycerate mutase deficiency, this intervention does not produce changes in exercise performance [16] . Hemolytic anemia (elevated indirect bilirubin and reticulocytes) is seen in glycogenosis due to defects in genes partially expressed in erythrocytes, such as PFK, PGK (type IX), and aldolase A (type XII) deficiency [17] [18] [19] . Mental retardation or dementia often is associated with the adult polyglucosan body disease form of branching enzyme deficiency (type IV), PGK deficiency, and aldolase A deficiency [20] [21] [22] .
In the late-onset form of acid maltase deficiency (type II, Pompe's disease), patients have fixed proximal muscle weakness and early respiratory insufficiency rather than exercise-induced symptoms. In other cases, such as debrancher deficiency (type III, Cori-Forbes disease), distal muscle weakness may be combined with cardiomyopathy and peripheral neuropathy in patients who in infancy had shown hepatomegaly, hypoglycemia, and failure to thrive, all of which usually improve around puberty [23] .
Disorders of Lipid Metabolism
Fatty acids are the primary energy source for muscle at rest and during periods of prolonged low-intensity exercise. Short-and medium-chain fatty acids cross freely into the mitochondria, whereas long-chain fatty acids require binding to carnitine for transport across the inner mitochondrial membrane, a process mediated by acylcarnitine translocase and CPT I and II (Fig. 2) . Fatty acids are catabolized by the β-oxidation enzymes, which cleave two-carbon fragments with each cycle. Thus, lipidoses arise as a result of the failure of fatty acids to transport into mitochondria secondary to carnitine or CPT I or II deficiencies or because of defects in intramitochondrial β-oxidation [24, 25•] . These disorders are inherited as autosomal recessive traits. The more severe variants present in infancy or childhood with primary involvement of liver or brain, whereas the milder adult forms are predominantly myopathic and include the myopathic variant of CPT II deficiency, trifunctional protein deficiency, and VLCAD.
Since DiMauro and Melis-DiMauro [26] described the first patients with CPT II deficiency, this disease has been the most frequently diagnosed disorder of lipid metabolism. The first symptoms occur most often between 6 and 20 years of age, but age at onset may be later than 50 years or as early as 4 years. The symptomatology usually consists of recurrent attacks of myalgias and muscle stiffness or weakness, often associated with myoglobinuria. The attacks usually are acute, and the consequences may be prolonged up to several weeks. The patients usually are asymptomatic between attacks. The frequency of these attacks is highly variable. Occasionally, the rhabdomyolysis may be complicated by two types of life-threatening events: more commonly, acute renal failure secondary to myoglobinuria and, much less frequently, respiratory insufficiency secondary to respiratory muscle involvement. Symptoms usually are prompted Fig. 3 Glycogen metabolism and glycolysis. Roman numerals denote muscle glycogenoses due to defects in the following enzymes: II, acid maltase; III, debrancher; IV, brancher; V, myophosphorylase; VII, phosphofructokinase; VIII, phosphorylase b kinase; IX, phosphoglycerate kinase; X, phosphoglycerate mutase; XI, lactate dehydrogenase; and XII, aldolase. Bold numerals designate glycogenoses associated with exercise intolerance, cramps, and myoglobinuria. Non-bold numerals correspond to glycogenoses causing weakness. ADPadenosine diphosphate; ATP-adenosine triphosphate; cAMP-cyclic adenosine monophosphate; PLD-phospholipase D; UDPG-uridine diphosphoglucose. (Adapted from Hirano [53] , with permission.) by prolonged exercise and less commonly by prolonged fasting, high fat intake, exposure to cold, mild infection (especially in children), fever, emotional stress, general anesthesia, or drugs such as diazepam and ibuprofen. In all cases, the clinical symptomatology is restricted to skeletal muscle, without liver or heart involvement.
Defects of most β-oxidation enzymes typically manifest in infancy with severe multisystem disease; however, the clinical presentation of VLCAD deficiency may be indistinguishable from CPT II deficiency [27] .
Multiple acyl-CoA dehydrogenation deficiency (MADD), also known as glutaric aciduria type II, is an autosomal recessive disorder caused by mutations in genes encoding either one of the two subunits of the electron transfer flavoprotein (ETFA and ETFB) or by mutations in the gene encoding the electron transfer flavoprotein dehydrogenase (ETFDH) and resulting in abnormal fatty acid, amino acid, and choline metabolism. Less severely affected patients might present with progressive muscle weakness and lipid storage myopathies with secondary muscle coenzyme Q 10 (CoQ 10 ) deficiency, mainly in adulthood, and sometimes respond to riboflavin treatment (riboflavin-responsive MADD) [28] or CoQ 10 supplementation [29] .
The myopathic form of CoQ 10 deficiency is characterized by proximal myopathy with premature fatigue, weakness, and increased serum levels of creatine kinase and lactate. Muscle biopsies show excessive numbers of lipid droplets, predominantly in type 1 fibers; combined deficiency of respiratory chain complexes I and III; and CoQ 10 levels below 50% of normal. Mutations in ETFDH leading to a decrement in complex electron transfer flavoprotein-ubiquinone oxidoreductase activity have been identified in adult-onset MADD and some cases of myopathy with CoQ 10 deficiency, indicating they may be allelic diseases [30•] .
Mitochondrial Diseases
The mitochondrion is a complex organelle that performs numerous essential functions not only for cellular metabolism, including lipid metabolism, the Krebs cycle, amino acid metabolism, and energy production, but also for mediation of the apoptotic cascade [1] . The respiratory chain is composed of four multi-subunit enzymatic complexes (I, II, III, and IV), which generate a proton gradient across the inner mitochondrial membrane that, in turn, drives ATP synthesis by complex V. In addition, CoQ 10 and cytochrome c are critical components of the mitochondrial respiratory chain, serving as "electron shuttles" between the complexes [31, 32] .
Mitochondria are unique human organelles by virtue of being the products of two genomes, nuclear DNA and mitochondrial DNA (mtDNA). mtDNA is a 16,569-bp, double-stranded, circular molecule containing 37 genes, 24 of which participate in mitochondrial protein synthesis (two ribosomal RNAs and 22 transfer RNAs [tRNAs]); the other 13 genes encode subunits of respiratory chain enzyme complexes [33•] . In addition, 1000 to 2000 nuclear DNA genes are required for mitochondrial functions [34] [35] [36] . The mitochondrial genome is maternally inherited, so mothers pass on their mtDNA (and mtDNA mutations) to all their children, but only the daughters will pass it on to the next generation, whereas mutations in nuclear genes segregate according to mendelian rules. Thus, mitochondrial diseases may be inherited maternally or via autosomal dominant, autosomal recessive, or X-linked patterns. As a result of this genetic complexity, pathogenetic mechanisms of mitochondrial diseases are heterogeneous and include primary mtDNA mutations, autosomal recessive disorders of respiratory chain components, intergenomic communication due to nuclear gene defects causing secondary instability of mtDNA (mainly depletion and multiple deletions of mtDNA), mitochondrial lipid membranes (Barth syndrome), and mitochondrial protein importation. Disorders of mitochondrial dynamics (fusion, fission, and movement) comprise an expanding group of diseases.
One of the most common symptoms affecting patients with mitochondrial diseases is exercise intolerance due to premature fatigue with activities as mild as walking up a single flight of stairs. After a short rest, patients usually can resume their activity, but symptoms recur. Patients with mitochondrial disease often report subjective heaviness or burning of muscles with exertion but, in contrast to patients with glycogenoses, typically do not manifest stiffness, cramps, or second wind phenomenon. The exercise intolerance usually is disproportionately severe relative to muscle weakness. This symptom may be isolated or associated with muscle weakness and multisystemic involvement. Exercise testing is particularly helpful as an evaluation and screening tool in mitochondrial myopathies. Elevated lactate levels at rest and exaggerated lactate response after even trivial exercise are useful clues to the diagnosis of mitochondrial disease. One of the hallmarks of mitochondrial myopathies is a reduction in maximal wholebody oxygen consumption (Vo 2max ) demonstrated by a characteristic deficit in peripheral oxygen extraction (arteriovenous O 2 difference) and an enhanced oxygen delivery (hyperkinetic circulation) [10] . Alternatively, in specialized referral centers, 31 P nuclear magnetic resonance spectroscopy may reveal decreased basal levels of high-energy phosphate compounds (eg, ATP and phosphocreatine) at rest or prolonged recovery of ATP and phosphocreatine after exercise in patients with mitochondrial myopathies.
Several multisystemic mitochondrial syndromes can be recognized by their characteristic combinations of clinical features. For example, the typically sporadic disorder Kearns-Sayre syndrome (KSS) is defined by the obligate triad of onset before age 20, extraocular muscle weakness (ptosis and ophthalmoparesis), and pigmentary retinopathy, plus one of the following: ataxia, cerebrospinal fluid protein level greater than 100 mg/dL, or cardiac conduction block. The vast majority (>90%) of KSS patients harbor a pathogenic single large-scale mtDNA deletion that often is undetectable in blood. In addition to the deletion, there may be a related single duplication mutation (ie, mitochondrial genomes composed of full-length plus the nondeleted segment of mtDNA) that may be detectable in blood buffy coat or urine sediment. Nevertheless, muscle biopsy is the gold standard for diagnosing KSS because histology shows abnormal mitochondrial proliferation as ragged red fibers (RRFs) [37] on modified Gomori trichrome stain, as well as cytochrome c oxidase-deficient fibers, while Southern blot analysis of muscle DNA detects the single mtDNA deletion [38] . Succinate dehydrogenase histochemical staining is even more sensitive than Gomori trichrome for detecting excessive mitochondrial proliferation, also called "ragged blue fibers."
Mitochondrial encephalomyopathy lactic acidosis and stroke-like episodes (MELAS) syndrome is characterized clinically by strokes that are atypical in that they usually occur in people less than 40 years old and generally do not conform to large vessel distribution [39] . Although MELAS is a maternally inherited condition, the proband often is the only family member with the full MELAS syndrome, whereas oligosymptomatic matrilineal relatives may manifest milder signs (eg, diabetes, deafness, migraine-like headaches) and some mutation carriers are asymptomatic. The diagnosis of MELAS can be confirmed by detection of the pathogenic mtDNA point mutation in blood. About 80% of MELAS patients harbor the m.3243A>G mutation in the tRNA Leu(UUR) gene [40, 41] , but at least 20 additional mtDNA mutations have been reported to cause this disorder. For unclear reasons, the MELAS mutation often is present at higher levels of heteroplasmy in urine sediment than in blood; therefore, it may be preferable to test urine rather than blood samples [42] [43] [44] .
Another maternally inherited disorder, myoclonus epilepsy with ragged red fibers (MERRF), manifests with the clinical triad of myoclonus, epilepsy, and ataxia, plus numerous RRFs in the muscle biopsy. Although matrilineal relatives may be oligosymptomatic or asymptomatic, often multiple family members manifest the MERRF syndrome. About 80% of MERRF patients have the m.8344A>G tRNA Lys gene mutation [45] , and other patients harbor rarer mtDNA mutations that can be detected in blood [46] .
An unusual group of mitochondrial disease patients present with sporadic isolated myopathies, with exercise intolerance variably accompanied by proximal muscle weakness and myoglobinuria. It is important for clinicians to be aware of this condition, which in several cases has been misdiagnosed as chronic fatigue syndrome or fibromyalgia. Resting venous lactic acid is elevated in most patients with this condition; therefore, blood lactate is a useful noninvasive screening test for this syndrome. In most cases, muscle biopsies reveal RRFs that are cytochrome c oxidase positive because the gene defect often is a mutation in the cytochrome b gene, which encodes a subunit of complex III [47] , or in an ND gene, encoding a subunit of complex I. Other mutations in mtDNA have been associated with exercise intolerance, including tRNA mutations [48, 49] and mutations in protein-coding genes for subunits of respiratory chain complexes I [50, 51] and IV [52] . Because the mutation is not detectable in blood in most of these patients, muscle biopsy generally is required to make the diagnosis.
Conclusions
Metabolic myopathies should be considered in the differential diagnosis of exercise intolerance, and a detailed clinical approach will help determine which of the three main disorders (glycogenoses, lipid-related disorders, or mitochondrial diseases) is the underlying cause. It is important to determine whether the patient has fixed or exercise-induced manifestations and, in the latter case, if they are related to short and high-intensity exercise or to prolonged, mild exercise. Second wind phenomenon and other related events, such as fasting, fever episodes, and pre-exercise carbohydrate intake, may provide additional clues to restrict the differential diagnosis.
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